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.2012.09.Abstract NaCl solution (0.5 M) of pH 2 was electrolyzed at 1000 Am2 at room temperature.
Addition of Pt4+ and Fe3+ to the prepared MnMo-oxide anode deposited on IrO2/Ti substrate,
signiﬁcantly improves the performance of anode for the oxygen evolution reaction (OER) during
NaCl electrolysis. After 2000 h of electrolysis, the oxygen evolution efﬁciency (OEE) is in the order
of MnMoPt-oxide >MnMoFe-oxide >MnMo-oxide anodes with 100%, 99%, and 93.2% OEE,
respectively. The loss in weight of MnMo-oxide is reduced from about 13% to 3.2% and 0.0% by
addition of iron and platinum cations, to the deposition electrolyte. The mean average grain size of
MnO2, MnMo-, MnMoFe- and MnMoPt-oxide deposits prepared in electrolytes of pH 0.0 are in
the range of 25.5, 16.22, 13.5  16.5 and 13  17.5 nm, respectively. The physicochemical properties
of the deposits were characterized using X-ray diffraction spectroscopy (XRD), energy dispersive
X-ray spectroscopy (EDX), scanning electron microscopy (SEM) and electrochemical techniques.
EDX analysis illustrates that IrO2/Ti is stable during the deposition process and behaves only as
conductive substrate. SEM illustrates that, all elements constituting MnMoPt- and MnMoFe-oxide
deposits are homogeneously distributed in the oxide surface.
ª 2012 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V.
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0011. Introduction
It is known that the anodes coated with a layer of IrO2 and
Ta2O5 are commercially used for the oxygen evolution
reaction from acidic media as in electro-ﬂotation and metal
electro wining processes [1,2]. Despite the high cost of these
anodes, they evolve chlorine gas at the expense of oxygen
gas during the seawater electrolysis process. Thus, there ishosting by Elsevier B.V. Open access under CC BY-NC-ND license.
36 R.M. Abou Shahba et al.an urgent need for new anode materials producing only oxy-
gen without chlorine in seawater electrolysis. Bennett [3]
found that manganese dioxide coating anodically deposited
from acidiﬁed MnSO4 was initially capable of evolving oxy-
gen from seawater at 99% efﬁciency, and from saturated so-
dium chloride brine at 95% efﬁciency. In another study an
oxygen evolution anode composed of Mn–Mo–W was tested
for acidic electrolysis. Addition of W and Mo increases the
electrocatalytic activity and forms deposits with optimum
thickness and good adherence to the IrO2/Ti substrate. The
IrO2, has the same rutile structure as TiO2, and is formed
by calcinations of chloroiridic acid butanol solution coated
on the titanium substrate [4].
Other oxygen evolution anodes based on Mn–Mo–Sn and
Mn–Mo–Sb were designed by the same group [5]. Song et al.
[6] have prepared an electrode by modiﬁcation of ruthe-
nium–titanium oxide anodes from anodically deposited
MnO2 to prevent the undesirable chlorine evolution process
during electrolysis of salt water. Another preparation was car-
ried out under atmospheric pressure through a systematic var-
iation of pulse current parameters using additive free sulfuric
acid and MnSO4 electrolyte solutions [7].
For Mn0.92Mo0.07Sn0.01O2.07/Sn1xyIrxSbyO2+0.5y/Ti an-
odes, with x and y in the range of 0.135–1.0 and 0.05–
0.16, respectively, the replacement of IrO2 in the intermedi-
ate layer with Sn1xyIrxSbyO2+0.5y was effective in elongat-
ing the life of the anodes during oxygen evolution without
forming chlorine in seawater electrolysis [8]. Accelerated life
test in 3 M H2SO4 solution at a current of 10000 Am
2 and
40 C was carried out to evaluate the stability of these
electrodes [9].
In our previous study [10] we improved the performance of
dc-deposited MnO2 on IrO2/Ti substrate by introducing Mo
6+
species into the deposition bath to deposit MnMo-oxide an-
ode. The study also illustrated that pulse current deposition
was more beneﬁcial than direct current deposition for improv-
ing the performance of MnMo-oxide anode. Addition of Ir4+
to deposition electrolytes generally improves the stability of
MnMo-oxide during long term electrolysis. Meanwhile, MnM-
oIr-oxide anode which shows the best performance for OEE by
deposition at 0.0005 M Ir4+ exhibits almost no loss in weight
up to 3000 h of electrolysis. As a consequence, this paper is a
complementary work for studying the effect of Pt4+ and
Fe3+ addition to the deposition electrolytes with details about
performance, electro-catalytic activity, surface chemistry and
physical properties of the deposit. The effect of repeated ano-
dic deposition on the durability of anode electrodes was also
studied.2. Experimental
2.1. Etching and polishing
Punched titanium sheet was immersed in 0.5 M HF solution
for 5 min for removal of titanium oxide layer, and then rinsed
with distilled water. To guarantee the anchor effect for the
electrocatalysts by surface roughening of these electrodes, the
punched titanium was immersed in 12 M H2SO4 at 80 C until
hydrogen evolution ceased. After etching was accomplished,
titanium sulfate on expanded titanium surface was removed
by washing with ﬂowing tap water for about 60 min.2.2. IrO2 coating and post treatment
Punched titanium was coated with a very thin layer of IrO2 as
an intermediate layer between the electro-catalytically active
substances and the titanium substrate [11]. The coating was
carried out as follows: 0.1 M chloroiridic acid butanol solution
was coated on the punched-titanium substrate and the
specimen was dried at 80 C for 10 min, then baked at
450 C for 10 min and cooled to room temperature. This pro-
cedure was repeated only three times so as to form about
5 gm2 IrO2 layer on the titanium substrate. This specimen
was then baked at 450 C for 1 h. Finally, the sheet was cut
into 160 · 75 · 1 mm as suitable electrodes and a titanium-wire
was spot-welded to its edge. The IrO2/Ti electrodes were anod-
ically polarized at 1000 Am2 for 5 min in 10 M NaOH
solution, then in 1 M H2SO4 stagnant solution for 5 min at
room temperature and ﬁnally rinsed in distilled water before
the anodic deposition.
2.3. Anodic deposition by direct, pulse current and repeated
deposition techniques
The electrolytes for anodic deposition were composed of re-
agent grade chemicals 0.2 M MnSO4.5H2O, 0.003 M Na2-
MoO4Æ2H2O, 0.000.003 M FeCl3.4H2O, and 0.000.006 M
H2PtCl6. The concentrations of Mn and Mo species were se-
lected based on data reported elsewhere [12]. The pH of the
solution was adjusted by adding 18 M H2SO4.
A cell with separate anode and cathode compartments was
used for anodic deposition. The anode compartment was a
cylindrical alumina diaphragm and the cathode was a pair of
type 316 stainless steel sheets set on the outside of the dia-
phragm in the cell containing 0.1 M MnSO4 as a catholyte.
The IrO2/Ti electrode was put in the diaphragm in parallel
with the stainless steel sheets.
Direct current anodic deposition (dc) was carried out on the
IrO2/Ti electrodes in stirred solutions at 90 C and current
density was 600 Am2 for 0.5–2 h. Pulse current (pc) electro
deposition method has been applied to the preparation of
manganese based oxide deposits on IrO2/Ti substrate. A com-
puter connected to a dc source was used to generate rectangu-
lar pulse current Ton and Toff, respectively. The Ton and Toff
varied at constant peak current density and the temperature
of deposition was 90 C.
In repeated anodic deposition (RAD), the electrolyte is ex-
changed and the surface of deposits is washed and dried every
0.5 h of anodic deposition process, i.e. the duration of each re-
peated deposition is 0.5 h with the maximum total time of
RAD being 1.5 h.
2.4. Electrode performance
The amount of oxygen evolved was determined as the differ-
ence between the total charge passed and the charge for chlo-
rine formation during electrolysis. The electrolysis was
conducted in 3 · 104 m3 of stirred 0.5 M NaCl solution of
pH 2 at a constant current density of 1000 Am2 until the
amount of charge of 300 coulombs, that is 106 coulombs m3,
was passed. In order to avoid the reduction of sodium hypo-
chlorite and chlorine formed on the anode, the cathode used
for the measurement of the oxygen evolution efﬁciency was a
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chlorine formed was measured by the iodometric titration of
chlorine and hypochlorite.
2.5. Measurement of galvanostatic polarization curves
The activity of the deposited oxide anodes for oxygen evolu-
tion was examined by galvanostatic anodic polarization in stir-
red 0.5 M NaCl solutions of pH 2. All electrochemical
measurements were performed using a two compartments
three electrodes electrochemical cell with platinum foil as aux-
iliary electrode and Ag/AgCl/KCl (sat.) as a reference elec-
trode. A Luggin capillary was used to minimize errors due to
ohmic potential (IR) drop in the electrolyte. Polarization
curves were measured in the galvanostatic mode, from low
to high current densities, with about ten measurements within
each decade. Each measurement lasted for 1 min.
2.6. Physicochemical characterization of deposits
The structure of anodically deposited oxide electrodes was
identiﬁed by X-ray diffraction (BURKER AXS, D8 AD-
VANCE, Germany) with Ni ﬁlter using Cu Ka radiation by
an a-2h mode at a glancing angle a of 10 with a speed of
1ho/min in the range of 10–100. The composition of deposited
oxide anodes was determined using a EDX-analyzer (OX-
FORD-instrument, INCA-sight). The change in the surface
morphology and mapping images of deposited oxide speci-
mens were observed by means of a scanning electron micros-
copy (SEM), Jeol-JXA-480A.2.7. Stability and structural water of the deposits
The electrodes were also evaluated for stability by determining
the loss in weight during intervals of electrolysis by the gravi-
metric method. After removal of surface water by heating the
as-deposited oxide at 120 C for 1 h, the quantity of structural
water in the oxide lattice was estimated from the loss in weight
before and after annealing at 650 C for 7 h. In general, struc-
tural water (OH), that replaces O2 in the lattice of MnO2, is
associated with the introduction of foreign cations, Mn3+ ions
and vacancies into the Mn4+ sub lattice [13]. Thus, the quan-
tity of OH ions can be considered as a useful probe of the le-
vel of structural defects (degree of nonstoichiometry) within
the lattice of c-MnO2, which in turn determines structural sta-
bility and conductivity of the deposit.
3. Results and discussion
3.1. Effect of Pt4+ and Fe3+ species addition on the
performance of MnMo-oxide anode during electrolysis in 0.5M
NaCl solution
All MnMoPt-oxide anodes prepared in 0.2 M Mn2+–0.003 M
Mo6+–xM Pt4+ electrolyte show 100% initial OEE. However
a decrease in OEE for all anodes is noticed during electrolysis.
In comparison to MnMo-oxide, Pt4+ addition up to 0.006 M
enhances the durability of anode for OEE; it approaches
97.5% OEE up to 6500 h of electrolysis. This is the best result
even known for electrodematerials enhancing OER during elec-trolysis. Meanwhile, the results reveal no loss in weight at the
best conditions for MnMoPt-oxide during electrolysis (Fig. 1).
The addition of Pt4+ was replaced with 0.003 M Fe3+ cat-
ions (optimum concentration) [14] and the comparison illus-
trates that the OEE during long term electrolysis is generally
to be in the order of MnMoPt-oxide >MnMoFe-oxi-
de >MnMo-oxide anodes with 100%, 99%, and 93.2%
OEE, respectively after 2000 h. The loss in weight of MnMo-
oxide anode after about 2000 h of electrolysis is signiﬁcantly
reduced from about 13% to 3.2% and 0.0% by addition of
iron and platinum cations, respectively, to the deposition elec-
trolyte (Fig. 2). This conﬁrms the fact that the anode with the
highest OEE shows the best stability.
In conclusion, Pt4+ and Fe3+ addition signiﬁcantly im-
proves the performance of MnMo-oxide anode for the oxygen
evolution reaction during NaCl electrolysis with the best ever
known oxygen evolution anode during this electrolysis is
MnMoPt-oxide. This anode approaches 97.5% OEE with al-
most no loss in weight after about 4000 h of electrolysis.
3.2. Effect of Pt4+ and Fe3+ addition on electro catalytic
activity of MnMo-oxide anode
Polarization curves (not included in this paper) for all deposits
exhibited two potential regions, where they are almost linear in
the low overpotential region and the slope becomes increas-
ingly steep in the high overpotential region. The numerical val-
ues of Tafel slope for all deposits were superior to 120 mV,
supporting primary water discharge as the rate determining
step that controls anode kinetics [15]. Meanwhile, the oxygen
overvoltage at 1000 Am2 of as-deposited MnMo-, MnMoFe-
and MnMoPt-oxide anodes prepared under optimum deposi-
tion conditions is 2.016, 1.580 and 1.51 V against the standard
hydrogen electrode (SHE), respectively. These values indicate
that all anodes, except MnMoPt-oxide anode, show overvol-
tages higher than the standard potential (E) of (solid)/
Mn7+(soluble) redox couple, with about 1.534 V (Eqs. (1)
and (2)) [16].
MnO2ðsolidÞ þ 2H2O ¼MnO4 ðsolubleÞ þ 4Hþ þ 3eð1Þ
E ¼ 1:69237 V 0:07888 pHþ 0:01972 log ½MnO4 ð2Þ
In fact, the lower overpotential is needed for reducing or
preventing the oxidative dissolution process and Ti-passiv-
ation, which generally assist the peeling off of catalyst layers
from the substrate by polarization at very high potential. This
means that, for competitive oxygen evolution with chlorine
evolution the lower over-potential is not only better for
enhancing OER but also anode stability and energy saving.
In summary, the anode prepared in 0.2 M Mn2+–0.003 M
Mo6+–0.006 M Pt6+ electrolyte of pH 0.0 for 1 h at
600 Am2, is the most electrochemically active and stable an-
ode toward OER during long term electrolysis in 0.5 M NaCl
solution.
3.3. Effect of Pt4+ and Fe3+ additions on surface chemistry and
physical properties of the deposit
Fig. 3(a–c) shows examples of SEM images for anodes pre-
pared in 0.2 M Mn2+–0.003 M Mo6+, 0.2 M Mn2+–0.003 M
Mo6+–0.006 M Pt4+ and 0.2 M Mn2+–0.003 M Mo6+
–0.003 M Fe3+ electrolytes of pH 0.0, respectively. Regardless
Figure 1 Variation in OEE and Loss in weight with time of electrolysis for MnMoPt-oxide anodes (deposition in 0.2 M Mn2+–0.003 M
Mo6+–xM Pt4+ electrolytes of pH 0.0 at 600 Am2 for 1 h, electrolysis in 0.5 M NaCl of pH 2 at 1000 Am2).
Figure 2 Variation of OEE and Loss in weight with time of electrolysis for MnMo-oxide, MnMoFe-oxide and MnMoPt-oxide anodes
(deposition in 0.2 M Mn2+–0.003 M Mo6+–xMFe3+/Pt4+ electrolytes of pH 0.0 at 600 Am2 for 1 h, electrolysis in 0.5 M NaCl of pH 2
at 1000 Am2).
Figure 3 SEM images of as-deposited (a) MnMo-, (b) MnMoPt-, (c) MnMoFe-oxide anodes.
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Figure 4 EDX spectra of (a) MnMoPt-oxide and (b) MnMoFe-oxide anodes.
Figure 5 XRD patterns of (a) MnMoPt-oxide and (b) MnMoFe-oxide anodes.
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Figure 6 Mapping images of elements constituting (a) MnMoPtTi-oxide anode, (b) MnMoFeTi-oxide anode.
40 R.M. Abou Shahba et al.of the composition of the oxide anode, the dull appearance and
uneven surface with cracked-mud like structure are typical
characteristics of all deposits.
The main components of deposits are O, Mn, Mo, Pt and
Fe as illustrated by EDX spectrum (Fig. 4). Elemental Fe
and Pt appear only in the spectra when their species are in-
cluded in the deposition electrolytes. Weak peaks for elemental
Ti are detected in all spectra, although Ti species are not in-
cluded in the starting deposition electrolyte. There was no signof the detrimental Ir species in all recorded spectra referring
that IrO2/Ti is stable during the deposition process and be-
haves only as conductive substrate. On the other hand the
main reﬂection peaks for Mo and Pt elements are overlapped;
therefore, there will be uncertainty in determining the precise
composition of the MnMoPt-oxide deposits.
Fig. 5 demonstrates the X-ray diffraction patterns (XRD)
of the two anodes in the same conditions compared with that
of IrO2/Ti, MnO2 and MnMo-oxide anodes. All deposits
Figure 7 Variation in OEE of (a) MnMoPt-oxide electrodes deposited from 0.2 M Mn2+–0.003 M Mo6+–0.006 M Pt4+ electrolytes of
pH 0.0 and (b) MnMoFe-oxide electrodes deposited from 0.2 M Mn2+–0.003 M Mo6+–0.003 M Fe4+ electrolytes of pH 0.0 for up to
1.5 h at 600 Am2 using RAD with time of electrolysis.
Figure 8 XRD patterns of electrodeposited MnMoPt-and MnMoFe-oxide electrodes for 30 min, three times compared with electrode
prepared by continuous deposition for 60 min.
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type phase [12,16,17].
The extent of broadening is described by b, which is the full
width at half maximum intensity of the peak. After the value of
b (in radians) is corrected for the instrumental contribution, it
can be substituted into Scherer’s equation [18]:
D  0:9k=b cos h
where D is the grain size, k is the wavelength and h is the dif-
fraction angle. In this study, the grain sizes are provided by the
instrument and not calculated mathematically.
For the diffraction pattern shown in Fig. 5, there was no
evidence for the separate Mo, Fe and Pt oxide phases, suggest-
ing the formation of single solid phase solution oxides. It is
also notable that a weak reﬂection of metallic Ti substrate is
detected in the patterns of MnMo- and MnMoFe-oxide depos-
its, referring to the formation of thinner deposits on IrO2/Ti
substrate .On the other hand no sign of Ti substrate reﬂectionscould be detected in XRD patterns of MnMoPt-oxide anode.
This conﬁrms the complete coverage of all oxide coatings on
IrO2/Ti substrate which evolves chlorine actively [19,20].
The mean average grain size of MnO2, MnMo-, MnMoFe-
and MnMoPt-oxide deposits prepared in electrolytes of pH 0.0
are in the range of 25.5, 16.2, 13.5  16.5 and 13  17.5 nm,
respectively, referring to grain reﬁnement of the matrix struc-
ture of c-MnO2 type oxide by the single addition of Fe
3+ or
Pt4+ species. In this manner, the improvement of the electro-
catalytic activity in the deposited oxide by Fe3+ or Pt4+ addi-
tion is not only due to synergistic interaction among the cat-
ions constituting oxide electro-catalysts but also to the
geometric factor [21].
The mapping images for the elements constituting MnM-
oPt- and MnMoFe-oxide deposits illustrate that, all elements
are homogeneously distributed in the oxide surface, indicating
the formation of homogenous single phase solid solution
oxides (Fig. 6). Furthermore, manganese is the main oxide
42 R.M. Abou Shahba et al.component, molybdenum acts as an alloying element whereas
platinum and iron act as dopants. In conclusion, the formation
of a homogenous single phase solid solution oxide with reﬁned
grain microstructure seems to be responsible for enhancing
durability and reducing the overvoltages of MnMoFeTi- and
MnMoPtTi-oxide anodes for OER.
3.4. Effect of repeated anodic deposition (RAD) on durability of
MnMoPt-, MnMoFe-oxide electrodes
The effect of repetition of anodic deposition on the oxygen
evolution efﬁciency reveals that RAD signiﬁcantly enhances
the durability of MnMoPt- and MnMoFe-oxide electrodes
for OEE during electrolysis in 0.5 M NaCl of pH 2 at
1000 Am2 (Fig. 7).
Fig. 8 shows the XRD patterns of MnMoPt-/MnMoFe-
oxide anodes prepared in 0.2 M Mn2+–0.003 M Mo6+
–0.006 M Pt4+/0.003MFe6+ electrolytes of pH 0.0, respec-
tively, deposited for 30 min, one, two and three times com-
pared with the electrode prepared by continuous deposition
for 60 min.
All deposits generally exhibit broad reﬂections typical of
the nanocrystalline c-MnO2 type phase [12,16,22]. There was
no evidence for the separate Fe and Pt oxide phases, suggesting
the formation of single-solid solution oxide. On the contrary,
anodically deposited electrodes for 30 min, three times were
thick enough to show sufﬁciently intense diffraction patterns
of c-MnO2 type triple oxide. Incomplete coverage of the
IrO2/Ti substrate by the deposits results in chlorine evolution
with a consequent lower oxygen evolution efﬁciency and there
has been considerable doubt as to whether the IrO2/Ti sub-
strate is completely covered by short deposition for 30 min be-
cause of the intense X-ray diffraction patterns of IrO2 and Ti.
The performance of oxygen evolution is improved when depo-
sition was repeated three times.
4. Conclusion
(1) Pt4+ and Fe3+ addition improves the performance of
MnMo-oxide anode for the oxygen evolution reaction
during NaCl electrolysis.
(2) The anode prepared in 0.2 M Mn2+–0.003 M Mo6+
–0.006 M Pt6+ electrolyte of pH 0.0 for 1 h at
600 Am2, is the most electrochemically active and sta-ble anode toward OER during long term electrolysis in
0.5 M NaCl solution. Therefore, the unique perfor-
mance of MnMoPt-oxide electrode for OEE paves the
way for successful and ecological seawater electrolysis.
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